The antigens extracted from Dichelobacter nodosus with potassium thiocyanate were analyzed by western blotting with sera from footrot-free sheep and from sheep infected with D. nodosus to identify components specific for infection. S everal components with molecular mass <3 3 kD were associated with infection, particularly bands of 3 2 .5 kD, 3 0.5 kD, and 2 8 kD. Components with molecular mass > 56 kD may be responsible for false-positive reactions observed when sera of footrot-free sheep react with the potassium thiocyanate extract in solid phase enzyme-linked immunosorbent assays (ELIS As). Bands of 62 .5 kD, 56 kD, 40 kD, and 1 9 kD were recognized for most sheep regardless of their disease status or ELIS A reactivity and therefore do not appear to be detected by the ELIS A. No components of the potassium thiocyanate extract were completely specific for infection. Antigens in the extract were identified primarily on the cell envelope by immunogold electron microscopy. Labeling was concentrated in the periplasm, with minor labeling of the cell surface. The extract consisted of tangled strands of particles with electron-dense cores, and few vesicular structures were observed.
Dichelobacter nodosus is an essential causal agent of virulent ovine footrot, a disease that requires also a suitably warm and wet pasture environment for its expression in and transmission between susceptible sheep. Dichelobacter nodosus is an obligate parasite of the feet of ruminants and persists only in foot lesions, which may be apparent or inapparent. Because ovine footrot is of considerable economic importance in Australia, a control and eradication strategy has been implemented. 2 To assist this program, there has been considerable research directed toward improving laboratory diagnostic tests that distinguish virulent forms of D. nodosus from strains with less disease-causing potential. 28 These tests are required because clinical signs may not be obvious in infected sheep early in an outbreak or when the environment is unfavorable.
In addition to these tests, all of which require collection of samples from clinically obvious foot lesions, an enzyme linked immunosorbent assay (ELISA) was developed to detect anti-D. nodosus antibodies in serum. 36 The ELISA detected approximately 75% of sheep with lesions of virulent footrot and, when combined with an anamnestic test involving subcutaneous injection of D. nodosus antigen, detected sheep with known history of virulent footrot in the absence of clinical signs. 35 Although the anamnestic test and the ELIS A have the potential to identify carrier sheep, reduced specificity in sheep older than 1 .5 years limits its application. 34 Up to 1 5% of sheep apparently free of ovine footrot had elevated antibody levels, 34 and cross-reactions occurred when the anamnestic test was applied to these sheep. 37 The antigen used in the ELIS A was a potassium thiocyanate (KS CN) extract of whole-depilated D. nodosus. KS CN extract has been poorly characterized but is thought to represent outer membrane proteins. 1 0 The aim of this study was to examine the antigenic specificity and ultrastructural location of KS CN extract and to identify specific components for purification. Purified specific components could be used directly in an ELIS A and would facilitate development of monoclonal antibodies for use in a competitive ELIS A or for large-scale affinity purification of subunits for subsequent use in indirect ELIS A. The components of KS CN extract were electrophoretically resolved and visualized with antisera from footrot-free and footrot-affected sheep after western blotting. Postembedding immunoelectron microscopy enabled direct visualization of the location of antigens on and in the bacterial cell.
Materials and methods
Serum samples. S heep were classified according to history and infection status with respect to footrot. Footrot free Merino sheep (n = 1 40), 4 mo to ‡ 2 yr old, were from accredited footrot-free properties or from properties where sheep had no known history or clinical signs of footrot or had been raised on elevated wire mesh since 1 day of age to prevent infection with D. nodosus. S ome of these sera (n = 60) were known to cross-react with KS CN extract in ELIS A (ELIS A OD > 0.6) 3 4 and are referred to here as false-positive sera. Infected Merino sheep, 5 mo to ‡ 1 .5 yr old, were either experimentally infected with D. nodosus strain McMaster 1 98 (virulent, serogroup A; n = 32 ) or were from flocks with natural infection with unnamed strains of D. nodosus of intermediate to virulent phenotype (n = 40). Additional samples were used to optimize immunostaining of western blots as described below.
To assess the onset of recognition of specific components of KS CN extract during the primary and the anamnestic immune response, sera collected serially from 1 2 sheep that developed lesions and 4 sheep that did not develop lesions after experimental inoculation with D. nodus were analyzed. Sheep were reared from 1 day of age on elevated wire mesh floors, weaned at 1 2 wk of age, and infected at 5 mo of age with D. nodus strain McMaster 1 98 in pens using a foot bandaging method, 7,8 except that 1 cm of the skin horn junction of one digit of each foot was scraped with a scalpel blade to expose the dermis. Foot bandages and foam mats were removed after 3 days, but impervious rubber matting was placed on the floor for an additional 1 1 days to maintain damp conditions and prevent lesion regression. S heep were treated with parenteral antibiotics and disinfectant footbathing after 6 wk. An anamnestic challenge was undertaken 1 6 wk after treatment. 3 5 Sheep were placed in a sitting position and 0.1 ml of KS CN extract prepared from D. nodosus strain VRS 1 71 (serogroup F, virulent) was injected subcutaneously using a 2 6-ga needle and a l-ml syringe to form a small bleb in the hairless inguinal skin.
A sheep was immunized subcutaneously on 2 occasions 4 wk apart with 800 g KS CN extract from D. nodosus strain VRS 1 71 3 6 in 1 ml saline, homogenized with 1 ml Freund s complete adjuvant. A rabbit was immunized similarly with 2 50 g KS CN extract. Blood was collected from the sheep and the rabbit prior to immunization and again 2 wk after the second immunization.
B lood samples were allowed to clot for 2 hr at room temperature and then centrifuged at 1 ,400 x g. S erum was collected, diluted 1 :1 0 in 2 5 mM Tris-HC1 (pH 7.4) and 1 50 mM NaCl 50% (v/v) glycerol, and stored at -2 0 C prior to analyses.
S odium dodecyl sulfate polyacrylamide gel electrophoresis (S DS -PAGE), western blotting, and immunostaining. S DS -PAGE was performed in a commercial minigel apparatus a in 1 .5-mm x 1 0-cm x 1 4-cm gels of 1 2% acrylamide : bis acrylamide (2 9:1 ) with a 4% stacking gel using buffer conditions previously described. 1 8 KS CN extract (1 1 0 g) was electrophoresed as a single wide lane, with molecular weight (MW) standards b in a control lane. S amples were electrophoretically transferred to polyvinylidene difluoride membrane c using a wet transfer apparatus. d The standard lane was excised and stained with 0.2 % Coomassie brilliant blue, and the remainder of the membrane was divided into 2 0 strips after blocking free protein binding sites in 1 % (w/v) gelatin in 1 0 mM Tris, 1 50 mM NaCl (pH 7.4). Membrane strips were immunostained using sheep serum followed by affinity purified rabbit anti-sheep immunoglobulin-horseradish peroxidase conjugate, e both diluted in 0.1 % (w/v) gelatin in Trissaline-Tween (1 0 mM Tris, 1 50 mM NaCl [pH 7.4], 0.05% [v/v] Tween 2 0). After each step, membranes were washed 3 times for 1 0 min each in Tris-saline-Tween. Bound con-jugate was demonstrated with 4-chloro-1 -naphthol for 5-7 min, and the reaction was stopped by rinsing the membrane in deionized water. B lots were photographed, and prints were enlarged to twice original size for examination. B ands were assigned numbers and their apparent masses (in kD) were calculated from a standard curve constructed by plotting the relative migration of the standards against the respective MWs. For each sample, the presence and strength of reaction of each band was graded: 0 = no reaction; 1 = trace reaction; 2 = clear reaction (either a narrow black band or a wide darkgray band); 3 = strong reaction (a black band); 4 = very strong reaction (intense black staining with widening of the band). The frequency of reactions > 1 and > 2 was calculated for each band.
Estimation of protein concentration. Protein concentration was determined in a Coomassie blue dye binding assay 4 using bovine serum albumin as standard.
Electron microscopy. A mo dified po stembedding method 2 7,3 0 was used to label D. nodosus whole cells with antibodies against KS CN extract and then with colloidal gold. A 4-day culture of D. nodosus strain VRS 1 71 in 500 ml trypticase arginine serine (TAS ) broth was collected by centrifugation at 1 2 ,000 x g for 2 0 min, resuspended in sterile phosphate-buffered saline (PBS ) and washed 3 times. Centrifugation for these and following steps was at 2 ,400 x g for 2 min. Pellets were resuspended in 1 .5% (w/v) paraformaldehyde, 1 .5% (w/v) glutaraldehyde in Millonig s buffer ( 1 75 mM NaH 2 PO 4 [pH 7.2]) for 35 min at room temperature (RT), then 4 changes of Millonig s buffer were followed by graded solutions of ethanol (3 0-90% [v/v]) and 2 changes of 1 00% ethanol containing molecular sieve type 4A, 4-8 mesh hydroscopic beads f for 1 0 min each at RT. The cells were resuspended in a 1 :1 solution of 1 00% ethanol containing hydroscopic beads : white resin g and incubated overnight at RT. After centrifugation, the pellets were resuspended through 2 changes of fresh white resin and dispensed into gelatin capsules, h which were incubated overnight at 55 C to polymerize the resin. Ultrathin sections were floated onto butvarcoated gold grids h (762 squares/cm) and floated face down on drops of reactants on plastic film. i Grids were incubated in blocking buffer (0.2 % [w/v] ovalbumin, 0.02 M glycine in Tris buffer [2 0 mM Tris, 1 50 mM NaCl, 0.05% Tween 2 0, 2 0 mM NaN 3 ]) for 1 hr at RT then transferred to an appropriate sheep or rabbit serum diluted 1 :1 00 in Tris buffer and incubated overnight at RT. After washing 5 times in Tris buffer, grids were incubated with affinity purified donkey anti-sheep IgG (H + L) immunoglobulins conjugated to 2 0nm-diameter gold particlesi diluted 1 :50 in Tris buffer or with protein A conjugated to 2 0-nm-diameter gold particles k (3 hr at RT). After washing for 2 min in PBS (pH 7.2 ; PBS 7.2 ), grids were fixed in 1 % (w/v) glutaraldehyde in PB S 7.2 for 3 min at RT then washed again for 5 min on each of 5 drops of deionized water. Grids were stained for 5 min with 1 % (w/v) uranyl acetate, washed twice for 3 0 sec with deionized water, and then stained for 3 min with 0.5% (w/v) lead citrate. After washing twice for 3 0 sec with deionized water, grids were air dried.
Ultrathin sections of KS CN extract were prepared. 2 1 KSCN extract was centrifuged at 1 4,000 x g for 1 0 min, and the resulting pellet was dried with tissue paper, fixed in 1 % (w/ v) glutaraldehyde in PB S 6.2 for 3 0 min at 4 C, washed once with 5% (w/v) sucrose in PBS 6.2 , postfixed in 2 % (w/v) osmium tetroxide in PB S 6.2 for 1 hr at 4 C, then dehydrated through graded ethanol solutions, embedded in LR White resin, sectioned, and stained with uranyl acetate and lead citrate as above.
Grids coated directly with KS CN extract solution were prepared. B utvar-coated gold grids were placed face down for 1 min on a drop of antigen (2 5 g/ml in PBS 7.2 ) that had been mixed immediately before with an equal volume of 0.5% (w/v) lead citrate, then washed twice for 1 0 sec in deionized water, and air dried on blotting paper.
Grids were examined at 60 kV on a Philips 2 01 transmission electron microscope.
Results
Numeric analysis of serum reactivity in western blots. Titrations of serum and conjugate were performed to determine optimum conditions for immunostaining. Conjugate was used at a dilution that did not limit the intensity of staining of bands (1 : 500). S erum titrations with samples from a footrot-free sheep, an infected sheep, and a sheep immunized with KSCN extract were performed. The reactivity of serum from the immunized sheep persisted to a dilution > 1 :1 2 ,800, but that from the infected sheep declined considerably at > 1 : 400, althoug h trace reactivity was still evident at 1 :6,400. Preimmune serum from the immunized sheep and serum from the footrot-free sheep had little or no reactivity at dilutions > 1 :800. A dilution of 1 :2 00 was selected for further experiments. No staining was observed in control lanes where serum was omitted, indicating that conjugate did not bind directly to the antigen or the membrane.
Fifty-two individual bands were observed in western blots, but not all bands were recognized by the serum of each sheep. There were different patterns of band reactivity among footrot-free, false-positive, and infected sheep ( Table 1 ). The sera of a large proportion of sheep in each group reacted with bands 8, 1 0, 1 7, and 42 . These were the only bands with reaction intensities of 3 or 4 recognized by 1 0% or more of the sheep samples in each group.
S era from each of the 80 footrot-free sheep recogbands strongly, compared with 7.8 -5.0 and 3 .0 -4.0 bands, respectively, for the 60 false-positive sheep and 1 4.3 -6.6 and 6.2 -4.1 bands, respectively, for the 72 infected sheep. The principal difference between sera from footrotfree and sera from false-positive sheep was the recognition of band 4 and a broad zone of clear to strong reaction encompassing bands 1 -1 0 by sera from the false-positive sheep. Thus, components of KS CN extract of ‡ 56 kD may be responsible for the false-pos- itive reactions that are detected by ELIS A. These com-material 1 3 was present on many cells; however, pili, ponents were recognised also by a large proportion of the sera from the infected group.
As well as the bands recognized by the sera of footrot-free sheep, bands 6, 3 0, and 50 were each recognized by sera from > 50% of infected sheep, and bands 2 7 and 33 were both recognized by sera from > 75% of infected sheep. Patterns of band recognition in sheep infected with strain 1 98 and miscellaneous strains of D. nodosus were similar, although sera from a higher proportion of sheep infected with m iscellaneous strains recognized bands < 2 9 kD compared with sheep infected with strain 1 98, and bands 1 2 , 1 8, and 2 2 were recognized by sera from >40% of the former sheep compared with £ 2 0% of the latter.
With the exception of band 42 (1 9 kD) , which corresponds to serogroup F pilin, 1 bands of 5 £ 3 3 kD appeared to be relatively specific for infection or were recognized by sera from a small proportion of sheep from each category ( Table 1 ) . Fig. 1 , together with responses of an unaffected control sheep that was also exposed to the organism. B ands 2 7, 3 0, and 3 3 were recognized by sera sequentially during the immune response in the affected sheep but not in the control sheep. The reaction of 1 2 affected sheep is summarized in Table 2 for clearly recognized bands, excluding those recognized also by sera of footrot-free sheep. Bands 2 7, 3 0, and 3 3 were recognized clearly at some time by sera from most infected sheep, but only trace recognition occurred in the 4 unaffected sheep. B and 2 7 was the first to be recognized at 2 -4 weeks after infection; bands 3 0 and 3 3 were generally recognized 1 -2 weeks after band 2 7. Recognition of these bands coincided with the onset of elevated ELIS A OD (Fig. 1 ) . These bands were also consistently recognized during the anamnestic response. The ELIS A OD of the control sheep increased between weeks 1 2 and 1 4, and there was a corresponding increase in the reactivity of sera with high MW bands (Fig. 1 ) . (Figs. 2 , 3 ) . The periplasm contained lightly staining granular material. The cytoplasm was coarsely granular and contained ribosomes and agranular nucleiod regions. 32 An intracytoplasmic paracrystalline inclusion and intracytoplasmic membranes were visible in a few cells. 1 5,32 Diffuse polar phage, surface layer, and rod-like structures 1 2,1 4,32 were not seen.
Onset of reactivity with antigens in affected and control sheep. The onset of recognition of components of KS CN extract in sera from a sheep with severe lesions due to D. nodosus strain McMaster 1 98 is shown in

Ultrastructural location of KS CN extract in D. nodosus cells. In ultrathin sections of D. nodosus, the outer membrane was visible as a single or double track, but the peptidoglycan layer was not clearly discernible and the inner membrane was visible only where the periplasm was dilated
Most of the gold labeling with immune sera was concentrated in the superficial region corresponding to the cell envelope, in particular the periplasm (Figs. 2 ,  3 ) . Additional gold particles were attached to the outer surface of the outer membrane or within the cytoplasm. Extracellular labeling was mostly associated with cell debris. Negligible labeling occurred with preimmune rabbit serum (Fig. 2 ) ; however, scattered labeling of cell surface, periplasmic, and cytosolic antigens occurred with preimmune sheep serum (Fig. 3 ) .
Ultrastructure of KS CN extract. Ultrathin sections
of KS CN extract contained granular material and small vesicles (Fig. 4) . Examination of grids coated directly with KS CN extract solution revealed globules that were clumped to form convoluted, overlapping, and knotted strands. At low magnification, these strands appeared as a reticulum. At higher magnification, individual globules had an electron-dense core with an electronlucent periphery (Fig. 5 ). S imilar particles were present within the vesicles seen in ultrathin sections (Fig. 4) .
Discussion
Immunoblotting is a powerful tool for examining the antigenic specificity of serum antibody, and there are many examples of its use to identify specific components of bacteria. 1 6,2 2 However, immunoblotting provides qualitative data, the analysis of immunoblots is subjective, and variability due to the immunostaining process can be amplified by the photographic process. In addition, preimmune sera of sheep may contain a broad spectrum of antibodies that are reactive with bacterial antigens. 9 In this study, an attempt was made to standardize immunostaining procedures and to examine a large sample of sera to identify trends in antigen recognition between control and infected sheep.
In serum titration experiments, the intensity of bands declined with decreasing serum concentration, and when serum was omitted there was no binding of conjugate, indicating that the bands observed were associated with binding activity in serum. Nonlimiting concentrations of serum and conjugate were subsequently employed so that differences observed among sera were due to differences in antigen-binding specificity and avidity.
The results of this study suggest that a series of components of KS CN extract with masses £ 3 3 kD may be responsible for specific reactivity in ELIS A. In particular, bands 2 7 (3 2 .5 kD), 3 0 (3 0.5 kD), and 3 3 (2 8 kD) appear to be potentially useful components for Table 2 ). Lanes represent sera collected from 1 week prior to inoculation (lane 1 ) to 2 7 weeks after inoculation (lane 2 3 ). Sheep were treated (T) with antibiotics and disinfectant footbaths and given an anamnestic challenge (A). diagnostic purposes. Furthermore, components > 56 kD may be responsible for false-positive reactions when sera from control sheep are tested in the ELIS A.
The high frequency of band recognition by sera from footrot-free sheep with low ELIS A OD was notable. A number of components of KS CN extract, namely bands of 62 .5, 56, 40, and 1 9 kD, were recognized by the sera of a high proportion of sheep regardless of their ELIS A reactivity or clinical footrot status and therefore do not appear to participate in the antigen-antibody reactions detected by ELIS A. These antigens may contain linear epitopes that are concealed in the native KS CN extract.
There are theoretical constraints on the comparison of antigenic data obtained by different techniques. Conformational epitopes are abolished by S DS -PAGE; polypeptide chains are unfolded in the presence of S DS and by heating, and intra-and interchain disulphide bonds are reduced by -mercaptoethanol. In ELISA, the binding of antigen to the solid phase may induce conformational changes and hence antigenic changes. 6,2 5,2 9 Thus, antigens that appeared in western blots to be relatively specific for infection may not actually contribute to ELIS A reactivity because the same antigens may not be exposed to serum. Notwithstanding these constraints, it appeared that reactivity to bands 2 7, 3 0, and 3 3 and other bands of relatively low MW was associated with rising ELIS A OD in time-course studies. Although the greater range of bands recognized by sera from infected sheep was associated with higher ELIS A OD (Table 2 ) , time-course analysis suggested that the recognition of putative infection-specific bands did not necessarily require high ELIS A OD (e.g., sheep 591 6, Table 2 ). Thus, western blotting may have a lower threshold for detection of antibody than ELIS A.
Immunog old labeling indicated that antig ens extracted with KS CN from depilated D. nodosus whole cells induced antibodies reactive primarily with components of the cell envelope, with labeling concentrated in the periplasm. There was minor reactivity with cytosolic components, a feature consistent with KS CN extract being a membrane preparation because many bacterial membrane components are synthesised in the cytoplasm and exported to a membrane location via the general secretory pathway. 2 4,3 3 Immunogold labeling of gram-negative bacterial surface antigens can be very distinctive if antibodies with surface specificities are present. 1 7,27,30 Ho wever, antisera raised ag ainst KS CN extract did not contain a high proportion of antibodies reactive with antigens external to the outer membrane. KS CN extract consisted of aggregated strands of smaller particles and resembled tangled strings of beads. The structure of the beads, with an electron-dense core and semilucent periphery, may be consistent with their having inwardly directed hydrophobic regions and outwardly directed hydrophilic regions, and they may be small fragments of cell membrane. However, the vesicular or laminar structures similar to the inner and outer unit membranes observed in the thin sections of whole D. nodosus cells or membrane preparations of other gram-negative bacteria 2 1 were uncommon in KS CN extract. These data suggest that extraction of D. nodosus with KS CN causes extensive denaturation of membrane structure. In contrast, membrane structures were demonstrated following a similar KS CN extraction of Pasteurella multocida. 2 3 In this study, mild fixation conditions were used to preserve antigenicity 33 but at the expense of cell morphology. 30 In other studies, the method of fixation was sufficient to cause marked differences in the appearance of the cell wall of D. nodosus in thin sections, including a complete lack of cell envelope detail. 5,3 2 Use of more concentrated fixatives and longer incubations in the fixative than were used in the present study are known to result in good resolution of membrane structure, but their suitability for immunoelectron microscopy is unknown, 5,1 2,1 6,1 5,32 .
Cells examined in this study were not piliated, so the degree to which antibodies directed against KS CN extract reacted with pili could not be determined. S ome of the envelope labeling observed may have been due KS CN extract solution stained with lead citrate. B ar to pili located within the envelope. The lack of pili may have been due to culture in liquid medium, which does not favor expression of pili, 31 and to loss of pili due to shearing forces during the many centrifugation steps.
Lysis of the bacterial cell must occur prior to immune recognition because the KS CN extract antigens are predominantly not located on the surface. Recognition may follow phagocytosis, or it may occur as a result of diffusion of cellular antigens after extracellular lysis of the bacterial cell. Both processes could occur in the acute inflammatory exudate that characterizes virulent footrot. The sequential recognition of three putative specific antigens 2 -3 weeks after inoculation of feet with D. nodosus is consistent with a response to T-cell-dependent antig ens lo cated in the periplasm. 1 9 T-cell stimulatory antigens were demonstrated on the pili of D. nodosus, 1 1 but none of the somatic antigens have been studied.
The recognition of D. nodosus antigens in immunoelectron microscopy by preimmune serum from a sheep parallels the results obtained by western blotting and ELIS A. The data confirm that sheep, like other animals, possess cross-reactive background or natural antibodies against bacterial antigens. 3 ,2 0,2 6 The results of this study suggest that fractionation of KS CN extract to purify specific components of relatively low MW or to eliminate the high MW cross-reactive components may prove to be worthwhile in developing a more specific ELIS A for ovine footrot.
